ABSTRACT: This paper provides the first report of the intersex (ovotestis) condition in the European lobster Homarus gammarus. A single specimen (10% of males sampled) presenting the condition was discovered as part of routine sampling, from the Weymouth Bay region of the English Channel, UK. The lobster presented externally as a male, but upon histological examination was seen to contain an ovotestis, containing elements of both male and female gonadal tissue. Previtellogenic oocytes were present in several otherwise normal seminiferous tubules throughout the testis. The seminiferous tubules were also engaged in the production of apparently normal sperm lineages, and mature spermatozoa were present within the tubule lumens. In some cases, oocytes were in direct contact with mature spermatozoa within the same seminiferous tubules. The significance of this finding is placed into context with a previous observation of elevated intersexuality in the congeneric species H. americanus collected from specific sites in Canadian waters. The potential mechanism for development of intersex in lobsters, which is probably related to a disrupted signalling to the germinal component of the testis from the decapod androgenic gland, may be an effect of exposure to endocrine disrupting chemicals in the marine environment.
INTRODUCTION
Intersexuality is a phenomenon whereby an individual of a species with separate sexes has morphological characteristics that are intermediate between true male and true female forms of that species. The changes may be restricted to alterations in external morphology or to internal changes in the presence, structure and function of the sex organs (Sagi et al. 1996 (Sagi et al. , 2002 . In aquatic systems, intersexuality has been widely reported in several species of freshwater (e.g. Jobling et al. 1998) , estuarine (e.g. Allen et al. 1999 , Stentiford et al. 2003 and marine teleost fish (e.g. Stentiford & Feist 2005) . In most of these cases, the condition manifests as the presence of so-called ovotestes, a combination of male testicular tubules containing different developmental stages of the spermatogonial lineage and oocytes at varying degrees of vitellogenic development. In some fish species, the degree of replacement of normal testicular tissue with oocytes has been graded into severity indices based upon histological criteria (see Bateman et al. 2004) . The context for the majority of studies into intersexuality and related sexual perturbations in wild fish has been the significant interest in the effect of the contamination of aquatic systems with so-called 'endocrine disrupting chemicals' (EDCs) of anthropogenic origin. EDCs have been widely reported to impair fertility, development, growth and metabolism in a range of animal groups (Colborn et al. 1996) . These effects include altered maturation, elevated concentrations of vitellogenin (egg yolk protein) in blood of male fish and the presence of ovotestes in phenotypic males (Gimeno et al. 1996) .
Intersexuality and other sexual anomalies have also been observed in aquatic crustaceans. Amongst the nondecapod crustaceans, intersexuality has been reported as a relatively common phenomenon in amphipods from a wide range of aquatic habitats, although the cause is somewhat enigmatic, ranging from feminisation by parasite infection (Tang et al. 2005 ) through environmental sex determination, to industrial pollution (see Ford & Fernandes 2005) . Similar reports have also been published concerning intersexuality in copepods (Markevitch 1982 , Ianora et al. 1987 , Moore & Stevenson 1991 and isopods (Munro 1953 , Smith 1977 , Korczynski 1985 . In the majority of these cases, intersexuality has been reported as a manifestation of various anomalies in the external morphology of the abdomen and its appendages (see Moore & Stevenson, 1994) . In the decapod crustaceans, one manifestation of intersexuality involves the presence of externally visible male and female genital openings. In the Norway lobster Nephrops norvegicus, the blue crab Callinectes sapidus, the European lobster Homarus gammarus and in several species of hermit crabs, this has been shown in some cases to correspond to complete internal bilateral separation of the reproductive system into male and female components, forming a socalled gynandromorph (Gordon 1957 , Chace & Moore 1959 , Farmer 1972 , Johnson & Otto 1981 , Sant'Anna et al. 2010 . Similar externally visible male and female genital openings have been reported for the freshwater crayfish Cherax quadricarinatus. In these cases, although all intersex individuals contained a male testis and an associated sperm duct and androgenic gland, not all crayfish contained a female reproductive system (Sagi et al. 1996) . It was concluded from these studies that intersex C. quadricarinatus are functional males (Medley et al. 1994 , Sagi et al. 1996 . More recent work has demonstrated that the androgenic gland regulates the development of male sexual characteristics in crustaceans and that its absence (or removal) results in feminisation (Sagi et al. 1997 (Sagi et al. , 2002 . Finally, in addition to the discovery of occasional gynandromorphic forms, one study on American lobster H. americanus reported histological intersex in individuals sampled from the Nova Scotian fishery for this species. In these cases, the testes contained varying numbers of previtellogenic oocytes within testicular lobules filled otherwise with typical spermatogenic lineages (Sangalang & Jones 1997) . Since the highest prevalence (28%) corresponded to a defined location and was particularly elevated compared with 5 other sampling sites (9%), the authors suggested the possibility of some implicating environmental factors in driving this high prevalence. The latter case of intersex is particularly noteworthy since it directly mimics that observed in teleost fish and, further, is quite distinct from other forms of intersex observed in the lower and higher crustaceans. Depledge & Billinghurst (1999) propose that the development of true ovotestes in lobsters is an example of a histopathological biomarker that may be used in surveys aimed at detecting the outcome of anthrogenic contaminant insult in aquatic crustaceans.
Although the Sangalang & Jones (1997) study reported the presence of histological intersex in lobsters, the full report with graphical representation of the pathology is not available (R. J. Cawthorn pers. comm.). In the present study, we report on the first observed case of histological intersex in the European lobster Homarus gammarus sampled from the UK fishery. We discuss the case in relation to the apparent propensity for the intersex condition in homarid lobsters.
MATERIALS AND METHODS

Twenty European lobsters Homarus gammarus
were collected from commercial fishers as part of an ongoing survey of crustacean health and disease in UK waters. Specifically, lobsters were sampled from a population in the Weymouth Bay region (50°34' N, 2°22' W). The carapace length, sex and any external abnormalities were recorded prior to dissection. All sampled lobsters appeared externally normal and 10 (50%) presented externally as males. Lobsters were anaesthetised by chilling on ice for 30 min prior to dissection. For histopathology, the hepatopancreas, gills, heart, midgut, gonad and skeletal muscles from the abdomen and chelipeds were dissected from each specimen. Excised samples were placed immediately into Davidson's seawater fixative. Fixation was allowed to proceed for 24 h before samples were transferred to 70% industrial methylated spirit for storage prior to processing. Fixed samples were dehydrated and embedded in wax in a vacuum infiltration processor using standard protocols. Sections were cut at a thickness of 3 to 5 μm on a rotary microtome and were mounted onto glass slides before staining with haematoxylin and eosin (H&E). Stained sections were analysed by light microscopy (Nikon Eclipse E800) and digital images were taken using the Lucia™ Screen Measurement System (Nikon).
RESULTS
External visual examination of European lobsters sampled from the Weymouth Bay site revealed 10 normal male and 10 normal female animals. During histological examination of the tissues and organs from these lobsters, one of the males, with a carapace length of 112 mm, displayed abnormal gonadal development consistent with the 'ovotestis' condition described in numerous species of marine teloest fish (e.g. Bateman et al. 2004) .
The majority of the gonadal tissue mass within the intersex lobster consisted of apparently normal seminiferous tubules containing a progressive lineage of male reproductive cell types. Spermatogonia and accessory cells lined the basement membrane of individual seminiferous tubules, and apparent spermatocytes and mature spermatozoa were found in the luminal region of each tubule (Fig. 1A) . Closely opposed seminiferous tubules at similar stages of development were present throughout the testis. Seminiferous tubules delivered mature spermatozoa show histological manifestation of ovostestes. Scale bars = 100 µm to the vas deferens (not shown). Normal testicular structure contrasted that observed in females from the same batch, in which previtellogenic and vitellogenic oocytes were in all specimens observed (Fig. 1B) . Ovotestis was observed in numerous individual seminiferous tubules throughout the gonad of the affected lobster. In all cases, developing oocytes were either closely associated with the germinal cells at the periphery of the seminiferous tubules (Fig. 1C) or, in some cases, occurred in direct contact with the mature spermatozoa within the lumen of the seminiferous tubule (Fig. 1D) . In all cases, oocytes were immature, and there were no signs of vitellogenin accumulation within the oocyte cystoplasm. Despite the apparent confluent presence of immature oocytes with mature spermatozoa, no liberated oocytes were observed within the lumen of the vas deferens (image not shown). In contrast to the normal seminiferous tubules in the remainder of the testis (Fig. 1A) , tubules containing ovotestis appeared to contain germinal cells of uncertain origin, in which the nuclei were considerably smaller than that observed in normal spermatogonia (Fig. 1C) .
DISCUSSION
This is the first report on the occurrence of histologically confirmed ovotestes in the European lobster Homarus americanus and one of very few studies that have demonstrated the potential for this condition to develop in the Crustacea. Out of the 10 male lobsters sampled, one displayed this condition. Despite previous reports of gynandromorphy in H. americanus (Chace & Moore 1959) and one other species of homarid lobster, Nephrops norvegicus (Farmer 1972) , the condition reported here did not present as an internal bilateral separation of the reproductive system into male and female components (as in gynandromorphy), but instead by the presence of apparently previtellogenic oogonia and otherwise normal spermatogonial cell lineages within the same testicular tubules. In this respect, the condition is identical to that observed in numerous species of teleost fish sampled from freshwater, estuarine and marine habitats (for examples see Jobling et al. 1998 , Allen et al. 1999 , Stentiford et al. 2003 , Stentiford & Feist 2005 . The most significant reference to this condition in the crustacean literature is that of Sangalang & Jones (1997) , who reported on an identical condition in the sister species, H. americanus, from marine sites in Nova Scotia, Canada. Although only available as an abstract, this report provided evidence that up to 28% of male lobsters sampled from the Dartmouth Cove site contained ovotestes whilst the condition was less frequent (9%) at 5 other field sites visited during the study period. As part of that study, those authors also reported on occasional occurrences of gynandromorphy in H. americanus from the region and proposed that some environmental forcing factors may be implicated in the higher prevalence of such sexual perturbations in lobsters from the Dartmouth Cove site (Sangalang & Jones 1997) .
Ginsburger-Vogel & Charmain-Cotton (1982) and Charniaux-Cotton & Payen (1985) demonstrated that the androgenic gland, situated within the distal vas deferens of most decapods, is likely to be the exclusive source of the hormone responsible for sex differentiation in crustaceans. The gland has been the subject for considerable study of endocrine regulation of sex differentiation in decapods (Sagi et al. 1997) . Early studies on ablation of the gland in amphipods led to decreased spermiogenesis in males (Charniaux-Cotton 1954) . Ablation of the gland in males of the prawn Macrobrachium rosenbergii led to initiation of oogenesis and development of oviducts and female gonopores (Nagamine et al. 1980) . Furthermore, the effect of androgenic gland ablation was shown to be dependent on the age of the recipient animal; older males underwent reduced testicular development whilst younger males developed ovotestes, albeit apparently separated into different zones of the same lateral gonad (Sagi et al. 1997) . In other work, complete surgical removal of the androgenic gland of juvenile M. rosenbergii led to the development of functional females capable of mating and producing offspring (Sagi et al. 1997) . Reciprocal experiments on young female M. rosenbergii receiving androgenic gland implants led to sex reversal to functional males (Malecha et al. 1992) . Finally, implantation of ovarian material in androgenic glandablated males led to development of female sexual characters, suggesting that the androgenic gland prevents the appearance of female characteristics in early life stages by inhibiting the differentiation of the juvenile gonad to form an ovary (Nagamine & Knight 1987 , Sagi et al. 1997 . This separation of the organ regulating sexual differentiation from the gametogenic organ (i.e. the testis) is unlike the single organ system observed in vertebrates (Ventura et al. 2009 ).
Male differentiation in crustaceans is probably controlled by a secretion from the androgenic gland along the genital tract to the site of action, the testis. In the absence of a gland (or, presumably, disruption in its action), differentiation of an ovary can occur (Charniaux-Cotton 1959 , Sagi et al. 1996 . Most early work on the nature of the hormone produced by the androgenic gland was carried out in isopods where the substance was shown to be proteinaceous, and was similar to the proinsulin family of peptides (Katakura et al. 1975 , Martin et al. 1990 , Okuno et al. 1999 ). More recent studies using suppressive subtractive hybridisation (SSH) have identified a male specific gene expressed in the androgenic gland of crayfish (Cherax quadricarinatus insulin-like AG factor; Cq-IAG) (Manor et al. 2007 ). Subsequent studies on Macrobrachium rosengergii revealed a similar insulin-like peptide-coding gene specific to the androgenic gland (Mr-IAG), which after silencing with RNA interference (RNAi) affected the de velopment of male sexual characters, the arrest of spermiogenesis and the pathology of the androgenic gland itself (Ventura et al. 2009 ). Similar approaches to silencing of the Cq-IAG in crayfish led to male feminisation, reduced sperm production, testicular degeneration, expression of the vitellogenin gene and accumulation of yolk proteins in the developing oocytes of the ovotestis. A similar pathology to that previously reported in M. rosenbergii was also re ported in the androgenic gland itself (Rosen et al. 2010 ). These studies demonstrate that silencing of the androgenic glandspecific insulin-like gene can feminise the male phenotype in decapod crustaceans.
The discovery of the ovostestis condition in marine lobsters of the genus Homarus, both from the present study and that of Sangalang & Jones (1997) , provides an intriguing insight into the potential for disruption of the sexual phenotype in wild marine crustaceans. Whilst detailed studies on the mechanistic basis for this disruption in marine lobsters has not occurred to date, data arising from ex periments on freshwater decapods appear to implicate a likely disturbance in the normal functioning of the androgenic gland in these animals. In light of an increasing appreciation of the potential for so-called endocrine disruption-related phenomena in aquatic crustaceans (Depledge & Billinghurst 1999 , Yang et al. 2008 , it is important to understand the effect of anthropogenic chemical contaminants on gene expression and related phenotype in this in vertebrate animal group. Furthermore, it is time to readdress our interpretation of this subject matter as not simply a comparison to the mechanism of endrocrine disruption in aquatic vertebrates, but rather to the disturbance of hormonal signalling mechanisms specific to the invertebrates. 
